Abstract Summer precipitation plays critical roles in the energy balance and the availability of fresh water over eastern China. However, little is known regarding the trend in local-scale precipitation (LSP). Here we developed a novel method to determine LSP events in the summer afternoon throughout eastern China from 1970 to 2010 based on hourly gauge measurements. The LSP occurrence hours decrease at an annual rate of 0.25%, which varies considerably by region, ranging from 0.14% over the Yangtze River Delta to 0.56% over the Pearl River Delta. This declining frequency of LSP is generally accompanied by an increase in rain rate of LSP but a decrease in visibility, whose linkage to LSP events was investigated. In particular, more LSP events tended to form when the atmosphere was slightly polluted. Afterward, LSP was suppressed. These findings have important implications for improving our understanding of the climatology of daytime precipitation at local scales.
Introduction
Cloud and precipitation systems in the summer play crucial roles in the modulation of the energy budget and the availability of fresh water in eastern China, a region under the influence of the East Asian summer monsoon (EASM) [Ding, 1994] . Recently, changes in total precipitation have been attracting increasing attention. Zhai et al. [2005] revealed a dipole pattern with drought in north China and flooding in south China based on long-term rain gauge data. Ding et al. [2008] found that there exists a large interdecadal variation of summer precipitation in East China due to its strong association with the weakening Asian summer monsoon. Precipitation events with various intensities can exhibit different variational trends. For example, both observation and modeling studies focused on this region suggest that light rain has decreased, whereas heavy rain has increased [Qian et al., 2009; Guo et al., 2014] . In a comprehensive review of Asian monsoon and aerosol interaction, Z. Li et al. [2016] presented ample evidences of the connections between climate changes and air pollution in Asia.
The rainfall changes vary considerably both spatially and temporally with the most significant drop in light rain occuring in northern and central-western China [Guo et al., 2014] and more dramatic increases in heavy rains and thunderstorms occurring in south and southeast China [Yang and Li, 2014; Guo et al., 2016] . Most previous studies have been based on daily precipitation data, and few have explicitly dealt with how the GUO ET AL.
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Key Points:
• A novel method developed to identify a local-scale precipitation event based on hourly rain gauge data • A widespread declining trend of daytime local-scale precipitation events was observed in eastern China in summer for 1970 to 2010 • Coincident increase in aerosol could partly account for the decreasing trend of local-scale precipitation precipitation varies from a spatial-scale perspective based on one-hourly precipitation records, which remains poorly understood.
Regarding the causes underlying the observed decrease/increase of light/heavy precipitation in eastern China, both natural variability and the anthropogenic effects of either greenhouse gases [e.g., or aerosol particles [Rosenfeld et al., 2007; Song et al., 2014; Wang et al., 2016; have been proposed to be potential factors. However, great uncertainties remain in attributing to any of these quantities due to the complicated tangling effects between meteorology and aerosols [Stevens and Feingold, 2009; Boucher et al., 2013] .
Local-scale precipitation (LSP) is generally associated with local convection, while synoptic precipitation is caused by large-scale uplift such as that from frontal systems and extratropical cyclones [Houze, 2014] , which occur frequently in summer in eastern China due to the EASM that may interact with aerosol to affect precipitation [Z. Li et al., 2016] . To exclude the latter type of precipitation, this study extends upon previous ones by developing an original method to identify LSP events aimed at examining the trends in LSP in eastern China during the summertime and its potential causes.
Data and Methods
Determination of Local-Scale Precipitation
Precipitation data employed in this study are hourly rain gauge measurements made at 2420 weather stations across China in summer (May to September) for the period 1970-2010 that are quality-controlled and archived by the China Meteorological Administration.
Being a thermally driven precipitation, LSP generally occurs in the afternoon. As such, we only choose rainfalls from 1200 Beijing time (BJT) to 1800 BJT, a period when convective precipitation usually peaks Guo et al., 2016; Lee et al., 2016] . Given the fact that large-scale precipitation is generally driven by synopticscale systems, which range from a few hundreds to thousands of kilometers in length, the rainfall amount and frequency of large-scale precipitation show large interannual variability and oscillation.
To determine if a precipitation event (rainfall >0.1 mm h À1 ) at a given station at a given hour is a LSP event,
we counted the proportion of rainy sites within a 150 km radius around the station. To be a LSP event, the proportion of rainy sites must be less than or equal to 20% (Figure 1a ). To exclude the residuals from synoptic-scale precipitating systems, only those gauge stations with no rainfall occurring between 0000 BJT and 0800 BJT are chosen. The rest of the raining events are considered to be nonlocal-scale precipitation (NLSP) events. We define N 150 as the number of stations within 150 km of a given station. To ensure spatial representativeness, only those stations with N 150 > 5 are chosen. Six hundred and ninety-six stations out of the 748 stations in eastern China (Figure 1b ) met this requirement and were selected for the analysis. Missing or inaccurate data at these stations accounted for less than 1% of all data during the study period.
Visibility Data
To help understand the potential causes of the long-term trend in precipitation, visibility data are employed as a gross measure of air quality, which has undergone dramatic changes in China over the past few decades [Chang et al., 2009] . This is regarded as an important factor affecting precipitation in China [e.g., Rosenfeld et al., 2007; Guo et al., 2014; . Visibility is routinely measured at 0200, 0800, 1400, and 2000 BJT under all-sky conditions at all weather stations. Note that only 1400 BJT visibility data are used here to better match the afternoon LSP events during May-September for the period 1970 to 2010. A series of quality control measures were implemented to improve the consistency and accuracy of the visibility data. Details can be found in the supporting information. Then, visibility with humidity correction was converted to dry extinction using the following formula: 3.912/visibility [Koschmieder, 1926] . Among the 748 meteorological stations in eastern China, a total of 442 stations had valid visibility observations according to the criteria described in the supporting information. The trend in dry extinction anomalies was calculated accordingly (cf. Figure S2 in the supporting information). 
European Centre for Medium-Range Weather Forecast Reanalysis
Trend Analysis Methods
Two independent statistical methods, namely the least squares regression and the Mann-Kendall (MK) test [Mann, 1945; Kendall, 1975] , are used to determine the annual trends at each site shown in Figure 1b . Least squares regression typically assumes a Gaussian data distribution in the trend analysis. The MK test is a nonparametric test used to identify whether monotonic trends exist in a time series and is more suitable for data that are not normally distributed. To improve the robustness of the trend, these two methods have been jointly applied, consistent with the methods used in J. Li et al. [2016] . More details are given in section 2 in the supporting information. Trends in LSP and NLSP events, in combination with dry extinction, are calculated as the Sen's slope [Sen, 1968] , which is a robust estimator based on Kendall rank correlation. A trend is Table S1 . The dots in the left bottom inset represent the grids used for the trend analysis of meteorology obtained from ERA-40 and ERA-Interim reanalysis data.
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considered to be significant when the confidence level is above 95% for both least squares regression and the MK test. ) in summer over the YRD (Figure 2c ), which is not statistically significant. In contrast, an annual decreasing rate of 0.56% (5.2 h (40 yr)
À1
) was observed over the PRD (Figure 2d ), which is statistically significant. Even for the trend in daytime (0800-1800 BJT) LSP events, a significant declining trend can be seen, but with a larger magnitude, irrespective of the ROI under investigation ( Figure S1 ).
To better characterize the trend in LSP events, a running window trend analysis with respect to the number of hours with LSP events was done for the period 1970-2010 for all stations in eastern China (Figure 3a) . Broadly speaking, Figure 3a shows that LSP has a significant decreasing trend, especially for the time window longer than 15 years, regardless of the starting year. Concerning trends in rainfall amount, the amounts for both total rainfall and LSP events show no significant increasing or decreasing tendencies at any ROI (Figures S3-S4 ).
The Potential Link Between LSP Trends and Aerosol Pollution
Figures 3a and 3b show a significant declining trend for LSP events during the period 1970-2010, in contrast to a dramatic increasing trend observed in the dry extinction of aerosols (Figure 3c ). Surface temperature in the region under investigation exhibits an increasing trend (Figure 3d) . It is well known that increased surface 
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temperatures likely strengthen convection, leading to an enhanced frequency of LSP events, which is contradictory to the declining trends in the observations seen here. LSP is typically associated with local thermodynamic conditions and humidity, so the time series of and corresponding trends in LTS and PW are shown in Figures 3e and 3f . During the study period, there is a slight downward, but not significant, trend in LTS and PW. Therefore, the evolution of thermodynamics and water vapor likely does not explain the declining trend in LSP. We further calculated the correlation coefficients between LSP and related variables during . The dry extinction of aerosols is more associated with LSP (R = À0.58) as compared with surface temperature (R = À0.25), PW (R = 0.39), and LTS (R = 0.29). As thermodynamic processes are both engaged in local thermal convection and synoptic systems, these meteorological factors do not exhibit strong correlation with LSP events. The declining trend in LSP frequency may be attributed to microphysical process, which is potentially linked to the increasing aerosol pollution during the recent past 40 years. 
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Interestingly, LSP events experienced widespread decreasing trends at most of the weather stations in eastern China (Figure 4a ), in sharp contrast to the trends in NLSP that are mostly trivial and insignificant (Figure 4b ). It is worth noting that the economic activities have been most intensive and developed most rapidly in eastern China where visibility also declined most significantly [Niu et al., 2010] . A closer look at Figure 4b reveals that quite a few stations in NCP and PRD exhibit markedly increased tendency. The enhanced NLSP events in these ROIs likely occur at the expense of suppressed LSP events. As shown in Figure 4c , an increasing trend can be seen for the rain rates of LSP at most sites of eastern China, most likely as a result of a prevailing decrease in the frequency of LSP. In contrast to the increasing rain rate of LSP, the trends in NLSP rain rates are much weaker (Figure 4d ), while several sporadic sites in coastal areas exhibit significantly upward trends. Meanwhile, significant increasing trends in dry extinction are found over most of eastern China (Figure 4e ). As illustrated in Figure 4f , the frequency of LSP events is negatively associated with dry extinction at most sites, spreading widely from northern China to southern China. Most of the sites with statistically significant trends, however, are limited to the PRD region. Contrary to LSP, the spatial distribution of the association between NLSP occurrence and dry extinction seems more complex and vague (Figure 4g) . A large number of sites show a positive correlation between NLSP occurrence and dry extinction, whereas sporadic sites show a negative correlation.
To gain a further insight of a possible link between LSP and aerosols, the frequency of LSP occurring during 1500-1800 BJT at five aerosol pollution levels is examined ( Figure 5 ). The five pollution levels are defined in Figure S5 . To avoid contamination of visibility data caused by precipitation, cases with precipitation recorded between 1200 and 1400 BJT were excluded. Intriguingly, there exhibits a boomerang pattern for the variation of the LSP frequency with aerosol loading, indicative of a nonlinear relationship between LSP and aerosols: positive first and negative after. This phenomenon is consistent with the boomerang shape revealed by satellite observations [Koren et al., 2014; Wang et al., 2015] , surface observations Table S1 for the period 1970-2010 as a function of pollution level. The error bars represent one standard deviation.
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Atmospheric dynamics and cloud microphysical processes jointly control the precipitation. Rainfalls produced by synoptic-scale systems are typically associated with strong dynamics forcing; the microphysical processes, however, play a more important role in the formation and development of LSP. At the beginning of LSP, the aerosol particles in boundary layer would be uplifted to free atmosphere by local thermal convection, which are activated as cloud condensation nuclei (CCN) to be engaged in cloud process and precipitation. Increase in CCN concentrations facilitates the cloud-to-precipitation conversion process when the atmosphere lacks CCN. As the CCN in the atmosphere becomes saturated, a further increase in aerosols will instead lead to a decrease in cloud droplet radius [Twomey, 1977] . The collision-coalescence process is thus inhibited, leading to longer cloud lifetimes and less precipitation reaching the surface [Albrecht, 1989] . Besides, the aerosol radiative effect is negligible for low aerosol loading but can become an important suppressing factor for convection as the aerosol loading becomes heavier.
Conclusions
Based on long-term measurements of hourly rainfall at 748 stations located throughout China during the period 1970-2010, concurrent with measurements of visibility at 1400 Beijing time, we developed a novel method to identify local-scale precipitation events based on the fraction of raining stations within a 150 km radius around a target station. Long-term trend analyses show that afternoon LSP events decreased at a rate of 0.58 h (decade)
À1 during the period 1970-2010 over eastern China, as opposed to the slightly increasing trend found for NLSP events. The trend in LSP frequency varies from region to region, ranging from a minimum of 0.32 h (decade) À1 over the YRD to a maximum of 1.3 h (decade) À1 over the PRD.
Conversely, markedly increasing trend in LSP rain rates over most sites of eastern China is found, which matches well with the declining frequency in LSP events.
During the study period, air quality has deteriorated in China with the most severe deterioration occurred in eastern China, as indicated by an increase in dry extinction derived from surface visibility data. The frequency of LSP events was shown to be negatively associated with dry extinction, compared with the positive association between NLSP events and dry extinction. Afternoon LSP events are closely related to thermal convection, resulting in a high susceptibility of LSP to aerosol pollution. Trends in surface temperature, LTS, and PW were calculated, as well as their correlations with the occurrence of LSP. These atmospheric properties cannot explain the decreasing trend in LSP events. Aerosol pollution is therefore hypothesized to be a possible cause for suppressing LSP events. The responses of LSP events to various aerosol loadings were also examined. A boomerang shape describing how LSP events vary with aerosol pollution, regardless of the ROI location, was revealed. Despite the inverse correlation seen between the decrease in LSP events and the increase in aerosol loading, it is still elusive to identify the causal relationship between them due to the confounding effect induced by meteorology. This merits further analysis using more comprehensive measurements from field experiments for well-defined and constrained LSP events together with model simulations that account for aerosol-cloud-precipitation interactions while controlling all other variables.
